Three-dimensional turbulent fluid flow and heat transfer characteristics are analyzed numerically for fluids flowing through a rotating periodical two-pass square channel. The two-pass channel is characterized by three parts:( I ) a radial-inward straight channel, (2) 180-deg sharp turns, and (3) a radial-outward straight channel. The smooth walls of the two-pass channel are subject to a constant heat flux. A two-equation k -c turbulence model with modified terms for Coriolis and rotational buoyancy is employed to resolve this elliptic problem. The effects of rotational buoyancy are examined and discussed. It is found that adjacent the 180-deg turn, the rotational buoyancy effect on the local heat transfer is nearly negligible due to the relatively strong entrance effect of' 180-deg turns. Downstream the entrance length, the changes in local heat transfer due to the rotational buoyancy in the radially outward' flow are more significant than those in the radially inward flow. However, the channel averaged heat transfer is affected slightly by the rotational buoyancy. Whenever the buoyancy effects are sufficiently strong, the flow reversal appears over the leading face of the radial outward flow channel. A comparison of the present numerical results with the available experimental data by taking buoyancy into consideration is also presented.
INTRODUCTION Background
It is well known that high heat load and high thermal efficiency are crucial in advanced aircraft engine design and, therefore, an effective turbine blade cooling becomes critical. In general, film cooling is imposed on the external surfaces of the blades while forced-convection cooling is employed inside the blades by means of cooling passages. The present study pertains to the later, i.e., flow and heat transfer in the internal cooling passages. As shown in Figure 1 , the flow passages in an actual blade of a typical turbine engine is idealized as a multiplepass serpentine-type channel. The convective heat transfer characteristics in multiple-pass serpentine-type channels rotating in orthogonal mode are of practical interest to the designer of internal cooling passages of gas turbine blade. The thermal behavior within such passages is influenced by several factors, such as the presence of sharp 180-deg bends and sometimes also the use of the heat transfer enhancing ribs. The effects of rotational induced Coriolis force are nevertheless of primary importance. In addition, a strong temperature gradient, if present. creates a centrifugal buoyancy effect that causes complex secondary flow patterns, and consequently modifies heat transfer coefficient. The ability to predict how wall heat transfer coefficients are affected by rotation in serpentine ducts is thus of considerable value to engine designers. Howard et al. (1980) got better predictions of fully developed rotating mean flow and turbulent viscosity. Launder et al. (1987) developed a second-moment closure turbulence model and satisfactorily predicted rotating fully developed flow without heat transfer. In respect of heated channels, lacovides and Launder (1991) further predicted fully developed turbulent flow and heat transfer in rotating rectangular channels. Except in the immediate vicinity of the wall, the standard k-e turbulence model was employed; across the near-wall sublayer, the damping of turbulence was modeled by means of a low-Re, oneequation model. However, due to the presence of entrance and centrifugal-buoyancy effects in the available experimental data, a theory-data match was difficult. Recently, Pralcash and Zerkle (1992), and Telcriwal (1994) predicted heat transfer results with a high Reynolds number k-e model including thermal buoyancy effects in the momentum equations. A reasonably qualitative agreement with experimental profiles of local Nusselt number was obtained, but the trailing side Nusselt number was still significantly underestimated. Prakash and Zerkle (1992) also demonstrated that rotational buoyancy effects were significant at engine operating conditions, and recommend that more refined turbulence models should be tested for quantitative accuracy. More recent, detailed comparisons were made by Bo et al. (1995) among the three turbulence models, namely k-e 1 one equation EVM (eddy viscosity model), low-Re k-e EVM, and lowRe AS/I! (algebraic Reynolds stress model) in predicting turbulent fluid flow and heat transfer in a rotating duct by taking buoyancy effects into account. It was found that the low-Re ASM model predictions were encouragingly close agreement with the experiments of Wagner et al. (1991 a) , whereas the low-Re k-e EVM provided spectacularly unrealistic flow behavior near the suction side wall. Dutta ct al. (1996) used the k-e /two-equation turbulence model to predict heat transfer from the leading and trailing sides of a rotating square channel with radially outward flow. Satisfactory results compared with the previous experiments (Wagner et al., 1991a, and Zhang, 1992) were achieved by inclusion of the modified rotational turbulence generation terms in the momentum and k -c transport equations.
Experimentally, the effects of rotation on the heat transfer in ducts have been explored in a number of recent works including Guidez (1989) , Wagner et al. (1991a Wagner et al. ( , 1991b , and Morris and Ghavami-Nasr (1991), Taslim et al. (1991) , and Han and Zhang (1992) . The general conclusion from the above measurements was : The pressure side heat transfer rates were substantially higher than for the corresponding flow through a stationary channel; whereas, on the suction side of the channel, wall heat transfer rates were severely suppressed by rotation.
Literature Survey
The problem of predicting flow in rotating channels has attracted the attention of many researchers. Most of the earlier efforts have been directed toward the computation of developing or fully developed flow through rotating channels. Laminar flow studies by Spezial (1982) and by Kheshgi and Scriven (1985) showed that at high rotational speeds the conventional double vortex secondary motion structure bifurcated into a four-vortex mode. Hart's (1971) flow visualizations provided some supports for the existence of this phenomenon. As for turbulent flow, Majumdar et al. (1977) used the standard k -e model to resolve the parabolic turbulent fluid flow in a rotating duct, but unsatisfactory results were obtained for moderate to high rotation number. It was therefore suggesting the need for modifications to account for the rotational effects. Later, by using Coriolis modified turbulence models,
Objective of the Present Study
In viewing of the foregoing discussion of literature review, it indicates that the most numerical investigations, in deed, only deal with developing or fully developed flows in a single straight channel with radially outward flow. Moreover, it has been experimentally verified that the local heat transfer characteristics between the radialinward-flow and radial-outward-flow channels are largely different (Wagner et al.. 1991b) . However, the numerical efforts containing information of the flow-direction effect on the heat transfer as well as the fluid flow in a rotating multiple-pass channel are rather sparse. This motivates the present study which is to direct our goal to predict turbulent flow and heat transfer in a multiple-pass square channel with orthogonal rotating conditions. It has been experimentally verified that the local heat transfer characteristics along a rotating serpentine flow passage is nearly periodic after the first turn of a multiple-pass channel (Yang et al., 1992) . That is the serpentine passage starts the thermallyfully-developed conditions in the second-pass (i.e. radial inward) straight channel. Therefore, a multiple-pass passage could be simulated as a straight entrance channel followed by a number of periodic two-pass channels. Here, we focus our attention on a periodically fully developed situation, which assumes that the flow and heat transfer characteristics repeat themselves cyclically from the entrance of the channel to the next. This assumption allows the calculation domain to be limited to the region across a two-pass (radial-inward and radial-outward) channel, as shown in Fig. 2 . It is believed that a substantial body of numerical data, as done by the present work, is highly required to accurately predict the heat transfer coefficient, flow field, and flow regime in this important area of gas turbine blade internal cooling problems. Moreover, the results obtained by the present numerical simulation may be helpful in the interpretation of the experimental results having unavoidable measuring errors.
NUMERICAL AND TURBULENCE MODELS

Test Model
Physical configuration of the test module of the periodic two-pass square channel is shown in Fig. 2 (a) . The test module has twenty channel hydraulic diameters in length (Ls), three in width (4), and one in height (4), and rotates at a constant angular speed cl about the axis normal to the main flow direction. The distance from the rotation axis to the module is 49 De (x0) . This module consists of two 90-deg miter junctions at the module inlet and outlet, a radial-inward straight channel, a radial-outward straight channel, and an 180-deg sharp bend, which is to simulate the periodical region of a typical serpentine multiple-pass cooling passage of the turbine blade. The main stream enters the channel from an entrance with a 90-deg miter, flows through the radial-inward-flow channel, then turns sharply with a 180-deg bend to the radial-outward-flow channel, and finally exits this channel from another 90-deg miter. The u, v, and w are the velocity components of the x, y. and z directions. The labeling order of each wall of this two pass channel is also given in Fig. 2 (a) . The orientation of "left", and "right" is chosen as one follows the mainstream direction passing through the entire passage. To facilitate the analysis, the flow is assumed to be steady, and of constant properties, and viscous dissipation and compression works are ignored. Gravitational force is neglected for its small magnitude compared to the rotation-induced centrifugal force. The Boussinesq approximation of a linear densitytemperature relation, zip I p ° (471 is invoked for the consideration of centrifugal-buoyancy.
Goveminq Equations
A comprehensive discussion of the periodically fully developed analysis is given by Patankar et al. (1977) , and all details are not elaborated on here. Basically, all flow variables repeat cyclically over the length of the computational module. Thus, (I) where 9 could be any velocity component (a, v, w) , the turbulent kinetic energy (k), or the turbulent dissipation rate (e). As for the pressure. it can be decomposed as 
where T is cyclic while the first term on the right-hand side is related to the net heat gain and can be obtained from an overall heat balance, i.e.,
=Q I (L., • rn • cp ) (4)
where Q is the total heat input over the module, lit the mass flow rate, and cp the specific heat. The corresponding governing equations of mass, momentum and energy are:
In Eqs. (5) - (9), the symbols (div) and (grad) designate the divergence and the gradient operators. The second and third terms on the right hand side of equations (6) and (7) represent the rotational induced Coriolis forces and buoyancy forces, respectively. The variable p, represents the turbulent viscosity, and Pr, designates the turbulent Prandtl number. The turbulent Prandtl number is usually constant and is taken Pr, = 0.86 here.
Turbulence Model
The turbulent viscosity is varied throughout the flow field and obtained from the turbulent kinetic energy (k) and the rate of the dissipation of turbulent energy c (Launder, and Spalding, 1974) . Specifically, (10) The k and e are obtained from the following transport equations:
where G is the usual Reynolds stress turbulence production term Spalding, 1974, Prakash, and Zerkle, 1992) . The buoyancy and Coriolis generated turbulence production terms are taken as
The buoyancy generation term, Gh is due to Dutta et al. (1996) and the related constant C, is taken as 0.9, which arises from the Boussinesq approximation of the velocity-temperature cross-correlation (Hossian and Rodi, 1982) . The Coriolis modified term, G is included from Howard et al.(1980) . To bridge this outer solution to the wall, the relevant equations have to be integrated across the viscous sublayer. The wall functions, i.e., the log-law of the wall, are the outcome of such semi-empirical integrations. The purpose of these functions is to relate the wall shear and heat flux to the velocity and the temperature difference between the wall and the near-wall node (Launder and Spalding, 1974) .
Boundary Conditions
No inlet and outlet conditions are required for a periodical analysis. At the walls, no-slip condition is used in conjunction with the wall functions. For temperature equation. since the heat flux is prescribed at the wall, the wall functions are used to determine the wall temperature from the computed near-wall temperature. The difference between the wall temperature and the local bulk temperature is then used to calculate the local heat transfer coefficient.
Investigated Parameters
Since the rotational buoyancy effect caused by the density variation is interesting in the present work, a dimemsionless buoyancy parameter is therefore developed to simplify this problem. By using scale analysis, the dimensionless buoyancy parameter can be deduced by taking the ratio of the third term on the right-had side of equation (6) and the convection term of the equation (6):
From the above reduction, the buoyancy parameter is therefore expressed as GrIRe2 (X + X0) , which is, indeed, equivalent to the parameter of (elp /p)[(x + s0)IDeRf2De I ; )2 given by Wagner et al. ( I 991b) . In the present computation, the rotational Grashof number is varied from 1.28x10 6 to 6.38x10 6 depending on the quantity of heat input to the channel. The buoyancy-free case (Cr = 0) is also conducted for comparison. The distance from the rotational axis to the channel is xo = 49 De. The Reynolds number and rotational number are kept at values of 25,000, and 0.12, respectively.
Computational Details and Grid Refinement
The control-volume-based finite difference method described by is employed to solve the governing equations described above. It uses the primitive variables as unknowns, a staggered grid, and SIMPLER pressure correction algorithm are employed. In addition, in order to reduce numerical diffusion resulting from the existence of large cross-flow gradients and obliquity of the flow to the grid lines, the finite difference scheme of SCSUDS (Smooth Hybrid Central / Skew Upstream Difference Scheme) is employed in this work. The details of which can be found in Liou et al. (1992) . The set of the differential equations over the entire region of interest is solved by obtaining new values for any desired variables, taking into account the latest known estimated values of the variable from the neighboring nodes. One iteration process is complete when, in line-by-line technique, all lines in a direction have been accounted for. Solutions are considered to be converged at each test condition after the ratio of residual source (including mass, momentum, and thermal and turbulent kinetic energy) to the maximum flux across a control surface is below le.
'In this problem, most of the real action is found around the 180-deg turns and near all solid surfaces and, therefore, nodes are clustered in these regions in order to resolve the strong gradients present there. However, due to the conflicting requirement of keeping near-wall / reasonably large, the grid could not be refined excessively around the sharp turns. To keep this issue, the range of the / encountered on different surfaces is checked and listed in Table I . It is expected that, due to the velocities are quite small near the corners of the sharp turns, the y values become quite small around these regions. Also, on the right (or left) wall adjacent to the sharp turn, the / values are small because of the flow recirculation. Although, the general laminar limits imposed on the wall-function expression is / > 30, the use of the wall-functions is not harmful as long as the locations of low / are not too many. All computations are performed on 72 X 50>( 20 grids in the present work. Typical grid arrangement in the computation domain is given in Fig. 2 (b) . Additional runs for the coarser meshes, 50 x 30 x 18, and the finer meshes, 108 X 80 X 40, are taken for a check of grid independence. The parameters used to check the grid independence are axial velocity profiles, temperature profiles, and the local Nusselt number distributions. A comparison of the results of the two grid sizes, 72 x 50 X 20, and 108 X 80 X 40, shows that the maximum discrepancies in the axial velocity and temperature profiles are 2.5 and 2.6 percent, respectively, for the stationary condition (Ro = 0). Computations for Ro = 0.12 are also conducted and the results indicate a maximum change of 3.8 percent in Nusselt number distribution between the solutions of 72 X 50 x 20, and 108 X 80 X 40 grids. These changes are so small that the accuracy of the solutions on a 72)< 50)< 20 grids is deemed satisfactory. Numerical computation of the periodically fully developed flow is rendered difficult by the fact that no boundary information is available. Partly due to this reason, the code takes about 2000 -3000 iterations for convergence. On Convex -C3840, this translated to about 450 minutes of CPU time.
RESULTS AND DISCUSSION
The heat transfer enhancement in the region of 180-deg sharp turns is very significant and has already been determined in the present work, due to the space limitation, however, the present presentation puts the emphasis on the effect of rotational buoyancy on the fluid flow and heat transfer characteristics in radial-inward straight channel and the radial-outward straight channel. An opposed trend is found in the radial-outward-flow channel. In the buoyancy-free case (i.e., Cr = 0, Fig. 3 a) , regardless the flow direction, the flow patterns near the leading wall of the radial-inward-flow channel are largely identical to those near the trailing wall of the radial-outward channel, if the streamwise distance relative the upstream sharp turn is the same, and vice versa. This is very reasonable because the rotational induced buoyancy is neglected and, therefore, only the opposite direction of the Coriolis force acting on these two channels, which is directed at the trailing wall and leading wall for the radial-outward-flow and radial-outward-flow channels, respectively. When the buoyancy force of Cr = 1.28 x 106 is acting on this module, the magnitude of streamwise velocity near the trailing wall for both the radial-inward-flow and radial-outward-flow channels becomes larger than that of the buoyancy-free channels. The former is because, in the radial-inward-flow channel, the centrifugal buoyancy parallels to the main-flow direction, which favors the relatively hot fluid near the trailing face (will be shown later) and, in turn, accelerates the fluid near the trailing wall. In the radial-outward-flow channel, the centrifugal buoyancy directs against to main flow direction, which is greater on the fluid near the leading face (hot fluid) and smaller on the fluid near the trailing face; consequently, due to the imbalance of the force, the radial velocity of the fluid decreases near the leading face and increases near the trailing wall., The above phenomena become more significant as the buoyancy inertia is further increased. It is highly noted in this figure that for Cr = 6.25 x 106, the flow reversal is observed after X = 4.8 near the leading wall in the radial-outward-flow channel for satisfying the mass conservation. Similar phenomenon was observed by Prakash and Zerkle (1992) for a single-pass radially rotating channel with fully developed inlet conditions at high rotating speeds and/or density ratios.
Axial Mean-Velocity Development
For simplicity, the axial mean-velocity profiles along the radialinward-flow and radial-outward-flow channel centerlines (2= 0.5, and 1.75) at some selected axial stations are depicted in Fig. 4 . The profiles of turbulent kinetic energy are also shown in this figure. It is seen form this figure that the centrifugal-buoyancy effect tends to sharpen the mean-velocity curves of the radial-outward flow, but flatter those of the radial-inward flow. As for the turbulent kinetic energy, the distributions are rather uniform in core flow region for the buoyancy-free case both in radial-inward and -outward-flow channels.
Considering the buoyancy effect, at the axial station X = 10, and 18, in the radial-outward-flow channel, we can find that the turbulent kinetic energy near the leading side is greatly enhanced. This is because relatively hot fluid near the leading wall flows inward toward the axis of rotation, and the coolant flow is outward; therefore, the strong shear gradient near the leading wall caused by this counter-flow situation generates a higher near-wall turbulence kinetic energy. In contrast, in the radial-inward-flow channel, the turbulent kinetic energy is slightly decreased with rotational buoyancy because of the less shear gradient.
Secondary Flow Vectors
Figures 5 (a) -(c) display the projection of the secondary flow velocity vectors (arrows), and the iso-speed contours of the streamwise mean velocity (solid and dotted curves) at the channel cross-stream plane of X = 10. All plots are viewed in the negative X direction. The solid curves correspond to the forward flow while the dotted curves correspond to the reversed flow. In the radial-inward-flow channel, at buoyancy-free conditions (Cr = 0, Fig. 5 (a) ), the well-known vortexpair induced by the Coriolis force is observed, which circulates from the trailing wall to the leading wall through the center of the duct and then returns back along the side walls. This vortex-pair is slightly deflected to the left wall due to the centrifugal-inertia effect of flow turning around the upstream 180-deg sharp turn. This phenomena is also found in the iso-speed mainstream contours which show that the largest velocity core is slightly placed to the corner formed by the leading and left walls. When the lower buoyancy force (Cr = 1.28 x 106, Fig. 5 (b) ) acts on the radial-inward flow, the vortex-pair is evidently distorted. An additional vortex-pair is bifurcated near the corner formed by the leading and left walls. As the rotational buoyancy is further increased, as shown in Fig. 5 (c) for Cr = 6.38 x 106 , the secondary flow structure seems to be more complex, and the less departure of the magnitude of mainstream velocity is found between the flow near the leading and trailing walls. In the radialoutward-flow channel, the buoyancy effect is trivial for Cr 0 and, hence, both the mainstream contours and the secondary flow vectors are largely identical to those in the radial-inward-flow channel regardless the flow direction. This circumstance, however, does not keep true as the centrifugal buoyancy arises in the heated channel, as shown in Figs. 5 (b) and (c). Noteworthy that, at the higher Grashof number (Cr = 6.38 x 105, the fluid near the leading wall flows upstream with relatively small secondary flow intensity. Figure 6 shows a comparison of the isotherms and the distributions of the local Nusselt number ratio between two different buoyancy forces, Cr C O. and 6.38 x 106, at the axial station of X= 10. The local Nusselt number is normalized by the well-known Dittus-Bolter correlation for fully developed pipe flow in stationary conditions. In general, the strength of the thermal-field distribution is in contrast to that in the fluid. The region of high mean-velocity, where most heat is removed convectively away by the fluid, is the region of lower temperature. In all plots, the local heat transfer coefficients diminish at all four corners of the square flow cross section due to the flow velocity diminishes in both the main and cross flow directions. At Gr = 0 the fluid temperature near the trailing wall is higher than that near the leading wall in the radial-inward-flow channel, and the reverse is true for the radial-outward-flow channel. In comparison of the buoyancy-free results, the fluid temperature distribution for Cr = 6.38 x 106 in the core-region of the radial-inward flow is more uniform, which results in the less departure of the magnitude in the local Nusselt number ratio between the leading and trailing walls. Conversely, in the radial-outward-flow channel, the buoyancy effect causes a significant temperature rise of the fluid near the leading wall due to the slower reversed fluid movement near the leading wall, which largely deteriorates the heat transfer on the leading wall. However, this deterioration in heat transfer is somewhat compensated by the enhancement in near-wall turbulence kinetic energy (Fig. 4) . Therefore, at this station, the local Nusselt number only slightly decreases on the leading wall as the Grashof number increases from 0 to 6.38 x 106. In contrast, both the above-mentioned factors of meanand fluctuating-transport phenomena benefit the heat transfer augmentation near the trailing surface of the radially outward flow (Figs. 4, and 5 ).
Isotherms and Local Nusselt Number Distributions
Wall Averaged Heat Transfer Coefficient Distributions
The variation of the Nusselt number ratio over the four walls of the channel for the three investigated rotational buoyancy is shown in Fig.  7 . The other parameters for this case are Re = 25,000, and Ro = 0.12. Adjacent the 180-deg turn, regardless the flow direction, the heat transfer ratio distributions along the four channel walls are nearly independent of the buoyancy parameters investigated. This is because of the rather strong entrance effect relative to the buoyancy effect As flow turns around the 180-deg bend, a strong cross-flow intensity as well as turbulence intensity could be introduced due to centrifugal inertia originated by flow curvature, flow separation, flow impingement, and their interaction (Taylor et al., 1982; Choi et al., 1989) , which will largely enhance the heat transfer in the entrance region. Therefore, the buoyancy effect becomes significant whenever the entrance effect is gradually diminished downstream. In the buoyancy-free channel, the heat transfer distributions along the pressure side and the suction side are totally identical between the radial-inward and -outward-flow channels. In addition, the local Nusselt number ratio distribution between the right and left channel walls is significantly different, which is attributed to the abovementioned flow behavior of turning around the 180-deg sharp bend. These two distributions, however, could be interchanged each other between the radial-inward-flow channel and the radial-outward-flow channel. Both these two facts imply that the heat transfer characteristic is dominant by the effects of the behavior of flow turning around the 180-deg bend and the rotational Coriolis force. They generate largely identical mean-flow (including main and secondary flows, Figs. 3 and 5), turbulent-flow (Fig. 4) , and thermal fields (Fig. 6) for the radialinward and radial-outward-flow channels. As for the buoyancy-driven flow, due to the different effects of the rotational buoyancy in the coflowing radial-inward-flow channel and in the counter-flowing radialoutward-flow channel, the discrepancy in heat transfer between the outward and inward flowing channels is anticipated. In comparison with the buoyancy-free results, in the radial-inward-flow channel, the distributions of Nusselt number ratios along both the trailing and leading sides alternate slightly with varying the buoyancy parameter. In the radial-outward-flow channel, however, these changes are very significant, especially for Gr = 6.38 x 106. In the case of Gr = 6.38 x 106, due to the initiation of the flow reversal near the leading wall (Fig.  3) , apparently local bumpers for the distributions of local Nusselt number ratio are found for the four channel walls. The steep increase in Nusselt number ratio along the trailing wall after about X = 4.0 is mainly due to a sharp increase of the mean-flow velocity (Fig. 3) . Along the leading wall, the distribution of the Nusselt number ratio falls to a local minimum with about 50 percent of the stationary-fullydeveloped-flow value due to the relatively stagnant fluid near the leading wall. It then increases sharply because of the enhancement of turbulence transports caused by the strong shear gradient (Fig. 4) .
The influence of the rotational buoyancy on the behaviors of heat transfer augmentation in the radial-inward-flow channel may be grouped into the following factors. (1) Rotating buoyancy augments the cross-flow intensity and, in turn, enhances heat transfer. As given in Fig. 7 , the cross-flow structure is more complex for the buoyancydriven flow as compared with the buoyancy-free flow. (2) Changes in magnitude of the near-wall mean-velocity due to the buoyancy alternate the convective availability. The buoyancy increases the streamwise mean-velocity near the trailing side but retards it near the leading side (Fig. 4 , X = 10, and 18); consequently, it augments the trailing-wall heat transfer and deteriorates the leading-wall heat transfer. (3) Relatively weaker shear layer for the coincident direction of the main and buoyancy-driven flows reduces slightly the generation of near-wall turbulence kinetic energy (Fig. 4) ; hence reduction in heat transfer. Among these three factors, the first is in favor of the enhancement of heat transfer on the both trailing and leading walls, whereas the last one decreases both. With regard to the second factor, it could reduce the discrepancy in heat transfer between the leading and trailing walls. The combination of these three effects results in less enhancement in heat transfer as compared with the radial-outwardflow channels for increasing centrifugal buoyancy, as given in Fig. 7 for the peripherally (four-wall) averaged Nusselt number distribution.
Attention is now turning to the channel averaged results. Comparing with buoyancy-free channel results, the channel with a finite straight length of 18 De in the relatively high rotational buoyancy investigated here, i.e, Gr = 6.38 x 106, enhances about 5 percent and 13 percent in channel-averaged heat transfer for the radialinward and radial-outward-flow channels, respectively. This little effect of rotational buoyancy is because the thermal conditions have been fully developed by the complex secondary (mean) and turbulent flows caused by the Coriolis, the mechanisms of flow turning around the 180-deg bend, and their interaction. Therefore, additional disturbance caused by rotational buoyancy could only redistribute the local heat transfer through alternating the mean and turbulent transportation, but no longer augments significantly the overall performance. Figure 8 depicts the effects of the buoyancy parameter, (Gr /Re2) [(x + so)/Det on the Nu) Ni,., for the leading and trailing surfaces at several selected axial stations in the radial-inward and radial-outward channels. The experimental data of Wagner et al. (1991b) in the second and the third passages of a typical serpentine rotating channel are plotted as shed bands in Fig. 8 for comparison. Note that the present study is under constant wall heat flux, while the study of Wagner etal. (1991b) utilizes uniform wall temperature, and both use a square flow channel. Note also should be taken that the results conducted by Wagner et al. (1991b) are based on the regionally averaged Nusselt number, which averages over a test segment with about four channel hydraulic diameters in length. Therefore, the Nusselt number deduced in the present work for comparison is averaged over 4De in channel length in the vicinity of the same radial station as the experiment related to the rotating axis. It is seen in this figure that the present calculation agrees reasonably well with the experiments on both the leading and trailing walls of the radialoutward flow channel, but overpredicts in Nusselt number ratio on the leading surface of the radial-inward-flow channel. The general overprediction of the Nusselt number on the pressure side (although slightly in the radially outward flow) may be due to the difference in the channel length between the present calculation and the previous experiment.
Comparison With Previous Experimental Results
CONCLUDING REMARKS
The present paper has presented a numerical study of turbulent flow and heat transfer in a periodic two-pass channel with radial rotation. A standard k -c model including not only the Coriolis and rotational buoyancy effects in the momentum equations but also the modified turbulence production and dissipation due to the Coriolis and buoyancy effects in the k -e transport equations has been employed to resolve this problem. Satisfactorily reasonable predictions have been achieved by comparing the present calculation with the available experiments. Basically, the rotational buoyancy effects can alter the axial velocity distribution, change the cross-flow patterns (including the strength and core position of the secondary flow) through coupling of continuity, and modify the turbulent transportation. The combination of all the above effects are found to influence markedly on the local heat transfer in radial-outward flowing channels, but insignificantly in the radial-inward-flow channels. The other main findings from the calculation are summarized as follows: ( I ) Adjacent the 180-deg turn, the distribution of single-wall as well as four-wall averaged heat transfer ratio is nearly independent on the rotating buoyancy, which is because of the strong entrance effect caused by the 180-deg turn. Downstream the entrance length, the local heat transfer largely depends on the flow direction. (2) In the buoyancy-free case, due to secondary flow induced by the Coriolis force, the heat transfer coefficient in the radial-inwardflow channel diminishes on the trailing surface, but increases on the leading surface. The trend is reversed in the radial-outwardflow channel.
Rotational Grashof number is found to cause large changes in local heat transfer for the radially outward flow but relatively small changes for radially inward flow. The different heat transfer behaviors are mainly attributed to different mechanisms of Coriolis and buoyancy interaction. (4)
In the radial-outward-flow channel, centrifugal buoyancy accelerates the relatively cooled fluid near the trailing surface, and decelerates the relatively warm fluid near the leading surface. If a sufficiently strong rotational buoyancy, say Gr = 6.38 x 106, acts on the radial-outward-flow channel, this deceleration in axial fluid will result in the flow separation from the leading surface and, in turn, flow reversal over the leading surface. Significantly poor heat transfer is found in the region of initiation of flow separation due to the nearly stagnant fluid.
(5) Although rotating buoyancy has a great effect on the local heat transfer performance along each channel wall, it has little effect on the channel averaged heat transfer coefficients for the rotational buoyancy investigated. This is because the flow and thermal conditions have been largely developed by complex interaction of the Coriolis and the flow behavior around the 180-deg sharp; hence, additional disturbance introduced by buoyancy, even yielding reversed flow, can not alter too much the overall performance. Figure 1 Cooling concepts of the modem turbine blade with serpentine cooling passages. 
